INTRODUCTION {#S1}
============

Skeletal muscle constitutes approximately 40% of the total mass of adult humans, providing a means for movement and posturing at the expense of cellular energy ([@R47]). Different fiber types within skeletal muscle preferentially rely on distinct metabolic pathways to meet their energy demands and consequently show hallmarks of oxidative or glycolytic metabolism ([@R46]). The homeostatic regulators of energy metabolism in distinct fiber types ensure energy requirements are met during ranges of physical activities, from rest to exertion ([@R1]; [@R43]).

The mammalian target of rapamycin complex 1 (mTORC1) signaling pathway is a dynamic regulator of protein translation and cellular metabolism that responds to growth factor signaling and amino acid availability ([@R40], [@R41]). mTORC1 activity is regulated by interactions with lysosomal guanosine triphosphate (GTP)-binding proteins called RHEB and RAGs ([@R16]; [@R38]). Insulin and growth factor signaling pathways stimulate pro-growth effects and control energy metabolism by activating the phosphatidylinositol 3-kinase/AKT signal transduction pathway, which inhibits the guanosine triphosphatase (GTPase)-activating function of TSC1/2 toward RHEB and permits mTORC1 activation ([@R25]; [@R42]). Regulation of mTORC1 activity is also responsive to nutrient-sensing pathways that contribute to metabolic homeostasis and growth. Amino acids are sensed by an evolutionarily conserved protein complex that is present from yeast to humans ([@R13]; [@R44]). This complex consists of NPRL2, NPRL3, and DEPDC5, collectively termed GATOR1, and functions as a GTPase-activating protein for small RAG GTPases to inhibit mTORC1 during amino acid limitation ([@R2]; [@R14]; [@R34]; [@R35]).

Inhibition of mTORC1 results in general translational repression ([@R10]; [@R17]) and activation of autophagy ([@R26]) to maintain nutrients and energy for survival. In skeletal muscle, mTORC1 is inhibited during starvation or exercise to permit activation of autophagy and recycling of metabolites for energy ([@R7]; [@R21]). Loss of mTORC1 function, by deletion of RAPTOR, leads to progressive muscle atrophy with impaired oxidative capacity ([@R5]). In contrast, constitutive activation of mTORC1 by deletion of the TSC1/2 growth factor signaling branch stimulates glycolytic gene expression and downregulates PGC1α, a master transcriptional coactivator of mitochondrial biogenesis ([@R6]; [@R15]; [@R30]; [@R36]).

The presence of both amino acid- and growth factor-dependent inputs into the regulation of mTORC1 makes it difficult to predict the physiological contribution of the amino acid-sensing pathway alone. Here we show that skeletal muscle-specific deletion of NPRL2, a critical component of the GATOR1 complex, increases fast-twitch, type II glycolytic muscle fibers and induces a switch to a highly glycolytic metabolism. These findings reveal how activation of mTORC1 rewires metabolism in a manner that necessitates increased glucose utilization in the skeletal muscle, thereby contributing to glucose homeostasis *in vivo* ([@R12]; [@R27]). We further show how loss of this conserved, negative regulator of TORC1 results in enhanced anaplerosis alongside enhanced mTORC1 signaling to replenish tricarboxylic acid (TCA) cycle intermediates that are consumed during proliferative metabolism.

RESULTS {#S2}
=======

NPRL2 mKO Mice Show Altered Muscle Fiber Composition and mTORC1 Activity {#S3}
------------------------------------------------------------------------

To determine the function of the GATOR1 complex in skeletal muscle, we created a muscle-specific knockout by breeding *Nprl2^loxp/loxp^* with *Myod^icre/WT^* mice to delete *Nprl2* from the skeletal muscle lineage ([@R8]; [@R14]). qRT-PCR verified that *Nprl2* mRNA was deleted from all skeletal muscle groups examined, but not from other tissues, including liver and adipose ([Figure 1A](#F1){ref-type="fig"}). Western blot analysis was used to determine the expression of all GATOR1 components: NPRL2, NPRL3, and DEPDC5 in wild-type (WT); *Nprl2^loxp/WT^*: *Myod^icre/WT^* (NPRL2 mHET); and *Nprl2^loxp/loxp^*: *Myod^icre/WT^* (NPRL2 mKO). Expression of NPRL2 was not detected in NPRL2 mKO, whereas NPRL3 and DEPDC5 were expressed at similar amounts across genotypes ([Figure 1B](#F1){ref-type="fig"}).

We performed histological analysis of muscle sections to determine whether the loss of NPRL2 resulted in a phenotypic change in the tissue. H&E-stained sections showed a significant increase in fiber size in NPRL2 mKO, consistent with known anabolic effects of mTORC1 activation ([Figures 1C](#F1){ref-type="fig"} and [S1A](#SD1){ref-type="supplementary-material"}). Immunohistochemical staining of myosin heavy chain (MHC)-I, a marker of type I oxidative fibers, showed a dramatic decrease in the number of stained cells in the NPRL2 mKO soleus compared to WT ([Figures 1C](#F1){ref-type="fig"} and [S1B](#SD1){ref-type="supplementary-material"}). Metachromatic staining also showed fewer type I oxidative fibers in the NPRL2 mKO ([Figure 1C](#F1){ref-type="fig"}), suggesting that loss of NPRL2 can elicit a fiber-type switch that results in fewer type I oxidative fibers and more type II glycolytic muscle fibers.

To determine whether NPRL2 contributed to the physiological regulation of mTORC1 in the muscle, we analyzed mTORC1 signaling in the fed and fasted states. Western blot analysis of phosphorylated S6 kinase (S6K1), a downstream target of mTORC1, showed significantly more phosphorylation in the soleus of NPRL2 mKO compared to WT in the fed state ([Figure 1D](#F1){ref-type="fig"}). S6K1 phosphorylation was not decreased in the fasted NPRL2 mKO, consistent with the idea that NPRL2 is important to repress mTORC1 during nutrient limitation *in vivo*. Consistent with high mTORC1 activity, conversion of LC3-I to LC3-II did not occur in fasted NPRL2 mKO, suggestive of impaired autophagy ([Figure 1D](#F1){ref-type="fig"}). Because mTORC1 activity can also be regulated by the AKT:TSC1/2 growth factor-dependent pathway, we analyzed the phosphorylation status of active AKT in these tissues. Surprisingly, western blot analysis showed a substantial reduction of AKT phosphorylation at S473, but not T308, in the NPRL2 mKO compared to WT during the fasted state and the fed state ([Figures 1D](#F1){ref-type="fig"} and [S1C](#SD1){ref-type="supplementary-material"}). These data suggest the existence of a negative feedback mechanism to limit pAKT-S473 in response to loss of NPRL2 and activation of amino acid signaling into mTORC1. Activation of mTORC1 is known to repress upstream signaling through feedback mechanisms, such as through the phosphorylation of IRS1, Grb10, or Sin1, which could be enhanced in NPRL2 mKO ([@R20]; [@R22]; [@R29]; [@R39]; [@R45]). Nonetheless, these data indicate that loss of GATOR1 function is sufficient to result in hallmarks of hyperactive TORC1 signaling despite the presence of an intact TSC1/2 complex.

NPRL2 mKO Mice Show Altered Running Behavior and Carbohydrate Metabolism {#S4}
------------------------------------------------------------------------

Skeletal muscle autophagy has been shown to contribute to energy metabolism in mice during acute periods of activity ([@R21]). We hypothesized that constitutive activation of mTORC1, and impaired autophagy, may therefore alter the running behavior of the NPRL2 mKO. We performed wheel-running experiments, allowing mice free access to wheels over a 12 hr light-to-dark cycle. Despite slightly decreased mass of the NPRL2 mKO animals and no difference in body composition ([Figures 2A](#F2){ref-type="fig"} and [S2A--S2C](#SD1){ref-type="supplementary-material"}), they showed more wheel-running activity during the first 18 min following the switch from light to dark ([Figure 2B](#F2){ref-type="fig"}), whereas no significant difference in total activity over the light-to-dark cycle was observed ([Figure 2C](#F2){ref-type="fig"}). Moreover, we did not observe any change in wheel-running behavior of the NPRL2 mHET compared to WT ([Figures S2D and S2E](#SD1){ref-type="supplementary-material"}). These data are consistent with increased abundance of fast-twitch muscle fibers in the NPRL2 mKO.

Fast-twitch, type II muscle fibers rely heavily on glycolytic metabolism for energy production. We hypothesized that the altered fiber composition of the NPRL2 mKO may increase the demand for carbohydrate metabolism and subsequently show an altered respiratory exchange ratio (RER). Metabolic cage studies showed NPRL2 mKO mice had significantly higher RER during the dark cycle compared to WT mice ([Figure 2D](#F2){ref-type="fig"}). Quantitatively, VCO~2~/VO~2~ measurements of the NPRL2 mKO reached values of 1, indicating a preference for carbohydrate utilization during this period. These observations prompted us to examine glucose tolerance in the mice. Animals were challenged with an intraperitoneal glucose tolerance test, and the clearance of glucose from the blood was determined. NPRL2 mKO mice showed a significantly greater rate of glucose clearance, despite no difference in glucose-induced insulin secretion ([Figures 2E and 2F](#F2){ref-type="fig"}). We also measured plasma lactate, a product of glycolysis, during the glucose challenge. We found significantly lower blood lactate levels of the NPRL2 mKO only after glucose injection compared to WT, indicating that deleting NPRL2 from the muscle is sufficient to alter utilization of glycolytic end products systemically ([Figure 2G](#F2){ref-type="fig"}).

Loss of NPRL2 Reprograms Metabolic Pathways in Muscle to Promote Aerobic Glycolysis {#S5}
-----------------------------------------------------------------------------------

To determine whether NPRL2 deletion from skeletal muscle tissue altered the expression of proteins that control metabolism and fiber-type composition, we used isobaric labeling (tandem mass tag \[TMT\]) quantitative mass spectrometry ([@R23]) to measure protein amounts in extracts from the WT and NPRL2 mKO soleus muscle ([Figures 3A](#F3){ref-type="fig"} and [S3A](#SD1){ref-type="supplementary-material"}). Consistent with histological analysis, protein mass spectrometry of NPRL2 mKO fibers showed significantly reduced abundance of proteins whose expression is restricted to slow-twitch fibers, including Tnnc1 (troponin C1), Tnni1 (troponin I1), Tnnt1 (troponin T1), Myl3 (myosin light chain 3), and Myh7 (myosin heavy chain 7) ([Figure S3A](#SD1){ref-type="supplementary-material"}). Decreased expression of myosin heavy chain 2B (Myh4) in the NPRL2 mKO suggested the NPRL2 mKO muscle fibers are enriched for type IIa, fast-twitch oxidative fibers ([@R33]). The altered abundance of various muscle-specific proteins assessed by mass spectrometry is consistent with the observed reduction in type I oxidative fibers and increase in type II fast-twitch glycolytic fibers in NPRL2 mKO mice.

Altered glucose metabolism in the NPRL2 mKO mice prompted us to investigate the mechanism by which NPRL2 contributes to glucose homeostasis in the muscle. We used qRT-PCR to analyze gene expression of glycolytic and mitochondrial-related genes in the NPRL2 mKO muscle and observed a significant decrease in PGC1α mRNA, suggesting a defect in mitochondrial biogenesis, consistent with previous observations in the TSC1 muscle knockout ([Figure 3B](#F3){ref-type="fig"}) ([@R6]). In contrast, the expression of genes involved in glucose uptake was significantly increased, including glucose transporter 1 (*Glut1*) and hexokinase 2 (*Hk2*) ([Figure 3B](#F3){ref-type="fig"}). Expression of *Glut4*, the insulin-dependent glucose transporter, was not changed ([Figure 3B](#F3){ref-type="fig"}). Total muscle glycogen content was minimally changed ([Figures 3C](#F3){ref-type="fig"}, [S3B, and S3C](#SD1){ref-type="supplementary-material"}), whereas glycogen synthase was preferentially phosphorylated at the inhibitory Ser641 site in the NPRL2 mKO only during fasting ([Figure S3D](#SD1){ref-type="supplementary-material"}). Lactate dehydrogenase B (*Ldhb*) expression was also increased 2-fold, suggestive of increased glycolytic metabolism.

Entry of glucose-derived carbon into the TCA cycle is largely controlled by the activity of the pyruvate dehydrogenase complex, which is negatively regulated by phosphorylation. Western blot analysis of the inhibitory phosphorylation site on pyruvate dehydrogenase component E1A (Ser293) showed significantly more phosphorylation in the NPRL2 mKO compared to WT, despite no change in PDHE1A protein abundance ([Figure 3D](#F3){ref-type="fig"}). We used qRT-PCR to measure the expression of pyruvate dehydrogenase kinases *Pdk1*--*Pdk4* in soleus muscle and determined that *Pdk3* expression was significantly increased in the NPRL2 mKO muscle ([Figure 3E](#F3){ref-type="fig"}). Collectively, these data suggest that mitochondrial utilization of pyruvate for energy is decreased by the loss of NPRL2 and GATOR1 function.

To assess the metabolic utilization of glucose in the skeletal muscle tissue, we performed ^13^C-glucose labeling experiments. Mice were injected intraperitoneally with ^13^C-glucose, and its conversion to TCA cycle metabolites was measured by gas chromatography-mass spectrometry (GC-MS). We observed a significant decrease in fractional labeling of TCA cycle intermediates, including citrate and fumarate, in the NPRL2 mKO muscle tissues ([Figures 3F and 3G](#F3){ref-type="fig"}). We also performed ^13^C-glucose steady-state infusion experiments to measure production of the glycolytic intermediates 3-phosphoglycerate, pyruvate, and lactate. NPRL2 mKO animals showed significantly higher fractional enrichment of these glycolytic metabolites in the soleus tissue compared to WT ([Figure 3H](#F3){ref-type="fig"}). As a surrogate for pyruvate dehydrogenase's relative contribution to supplying glucose-derived carbon to the TCA cycle in WT and mKO mice, we compared the enrichment of glycolytic intermediates upstream of pyruvate dehydrogenase (PDH) to enrichment in citrate downstream of PDH ([@R18]). Consistent with the enhanced *Pdk3* expression and pyruvate dehydrogenase phosphorylation in the mKO, these muscles had significantly elevated labeling ratios in all measured glycolytic intermediates ([Figure S3E](#SD1){ref-type="supplementary-material"}). No significant differences were observed in the labeling of these metabolites in liver or serum ([Figures S3F and S3G](#SD1){ref-type="supplementary-material"}). Collectively, multiple lines of evidence are consistent with the notion that activation of mTORC1 through loss of NPRL2 in muscle induces aerobic glycolysis, which is accompanied by reduced glucose entry into the TCA cycle.

Loss of NPRL2 Results in a Compensatory Increase in Anaplerotic Pathways that Replenish the TCA Cycle {#S6}
-----------------------------------------------------------------------------------------------------

We then looked beyond glucose metabolism to assess how other metabolic pathways might be altered in NPRL2 mKO. We used targeted mass spectrometry to measure the relative abundance of metabolites in WT and NPRL2 knockout (KO) soleus tissue, as well as plasma. Quantification of amino acids showed significantly reduced abundance of glutamine and aspartate only in muscle tissue, not in blood ([Figures 4A and 4B](#F4){ref-type="fig"}). Although a trend of higher citrate or isocitrate abundance was observed by mass spectrometry, no significant difference was observed in the abundance of TCA cycle intermediates ([Figure 4C](#F4){ref-type="fig"}). Aspartate and glutamine are derived from TCA cycle intermediates and are consumed for both protein synthesis and nucleotide synthesis. These data are consistent with previous findings in yeast showing that TORC1 activation promotes the synthesis and subsequent utilization of these nitrogen-containing amino acids for proliferative metabolism ([@R9]; [@R28]). Furthermore, proteomic analysis revealed increased abundance of the Glud1 (glutamate dehydrogenase) and Glul (glutamine synthetase) enzymes that are required for glutamine synthesis from α-ketoglutarate, as well as increased amounts of GOT1 (aspartate aminotransferase), which is required for aspartate synthesis from oxaloacetate and serves as a source of glutamate from α-ketoglutarate ([Figure 3A](#F3){ref-type="fig"}). Because aspartate and glutamine are required for *de novo* purine and pyrimidine synthesis, these findings are also consistent with the previously reported role for mTORC1 in stimulating both purine and pyrimidine synthesis ([@R3], [@R4]; [@R37])

Unexpectedly, given the well-known role for mTORC1 in the activation of protein translation ([@R31]), no obvious increases in the amounts of ribosomal proteins or translation factors were observed from our unbiased proteomic analyses of NPRL2 mKO soleus tissue, despite evidence of increased pS6K1 ([Figure 1D](#F1){ref-type="fig"}). Instead, we observed a striking enrichment in proteins involved in amino acid and fatty acid catabolism that were increased in abundance in NPRL2mKOsoleus ([Figure S4](#SD1){ref-type="supplementary-material"}). These included enzymes important for mitochondrial and peroxisomal function ([Figures 3A](#F3){ref-type="fig"} and [S4](#SD1){ref-type="supplementary-material"}). Nearly every enzyme involved in branched amino acid catabolism (Bcat2, Bckdha, Bckdhb, Dbt, Ivd, Acad8, Aldh6a1, and Mccc1) exhibited increased abundance in NPRL2 mKO. Numerous enzymes involved in other aspects of amino acid metabolism and fatty acid oxidation were also increased in NPRL2 mKO ([Figure S4](#SD1){ref-type="supplementary-material"}).

Examination of each of these enzymes reveals that most are involved in anaplerotic reactions that replenish mitochondrial TCA cycle intermediates ([Figure 4E](#F4){ref-type="fig"}). Because activation of TORC1 promotes the consumption of TCA cycle intermediates for the synthesis of nitrogen-containing amino acids aspartate and glutamine ([@R9]), we interpret these findings to indicate that chronic activation of mTORC1 leads to compensatory increase in these anaplerotic pathways to help replenish these TCA cycle intermediates ([Figure 4E](#F4){ref-type="fig"}). Consistent with increased degradation of branched-chain amino acids, we observed lower blood plasma amounts of leucine, isoleucine, and valine in NPRL2 mKO animals ([Figure 4B](#F4){ref-type="fig"}). To further assess whether NPRL2 mKO animals have increased general amino acid catabolism, urine samples were collected and urea content was analyzed. NPRL2 mKO animals excrete significantly more urea in their urine, consistent with increased amino acid catabolism ([Figure 4C](#F4){ref-type="fig"}). Collectively, our findings on the phenotypes of NPRL2 mKO indicate that activation of mTORC1 in skeletal muscle promotes aerobic glycolysis and the utilization of the mitochondria for biosynthetic purposes, specifically the synthesis of non-essential nitrogen-containing amino acids. This leads to a compensatory increase in numerous amino acid and fatty acid degradative pathways that help replenish the TCA cycle intermediates for mitochondrial energy production.

DISCUSSION {#S7}
==========

The numerous regulatory pathways that modulate mTORC1 activity indicate its central role in controlling cell growth and maintaining cellular homeostasis. Genetic studies of the TSC1/2 growth factor regulatory pathway have shown constitutive activation of mTORC1 can affect global metabolic changes and elicit late-onset myopathies ([@R6]; [@R7]; [@R19]). Here we show the evolutionarily conserved, NPRL2-dependent GATOR1 complex is also necessary to repress mTORC1 activity *in vivo*. Consistent with loss of TSC1/2 in the soleus muscle, loss of NPRL2 causes constitutive activation of mTORC1 and larger muscle fibers. We show profound changes in muscle fiber-type composition in the NPRL2 mKO, with increased numbers of fast-twitch, type II glycolytic muscle fibers.

We also provide evidence that the GATOR1 complex contributes to integrative metabolism in the skeletal muscle. Similar to TSC1 mKO, NPRL2 mKO mice have increased sensitivity to glucose challenge ([@R19]). Our data suggest that loss of NPRL2 alters the fate of glucose metabolism, consistent with mTORC1 activation ([@R15]). Despite no change in glycogen content between WT and NPRL2 KO, the contribution of glucose oxidation to the TCA cycle was suppressed by distinct mechanisms, including increased expression of lactate dehydrogenase and phosphorylation of the pyruvate dehydrogenase complex. Although these are also hallmarks of hypoxia-inducible (HIF)-1α activation, whose translation is subject to control by mTORC1 ([@R24]), the induction of glycolytic metabolism caused by loss of NPRL2 *in vivo* appears to be independent of HIF transcription factors, because both HIF-1α and HIF-2α were undetectable at the protein level in soleus of both WT and NPRL2 mKO. Moreover, skeletal muscle deletion of HIF-1α did not result in notable changes in soleus fiber-type composition ([@R32]).

It is now clear why TORC1 activation promotes aerobic glycolysis and increased glucose utilization. In budding yeast, we have shown that TORC1 activation promotes the synthesis of the amino acids aspartate and glutamine from the mitochondria ([@R9]; [@R28]). Aspartate and glutamine are nitrogen-containing forms of TCA cycle intermediates, which are subsequently consumed for synthesis of nitrogen-containing metabolites important for growth, such as nucleotides, NAD^+^, and glutathione. Because TCA cycle intermediates are being consumed for biosynthesis, cells must appropriately increase glycolysis to meet cellular demands for ATP. In NPRL2 mKO, we observed lower amounts of aspartate and glutamine, suggestive of increased consumption of these amino acids, as well as increased abundance of enzymes involved in aspartate, glutamine, and glutathione synthesis ([Figure 4E](#F4){ref-type="fig"}). Such rewiring of metabolism is highly reminiscent of metabolic phenotypes observed following disruption of GATOR1 function in yeast. Therefore, the utilization of mitochondria for biosynthesis necessitates an upregulation of glycolysis, which might represent the basis of the Warburg effect observed in so many proliferating cell types.

In support of this idea, through unbiased quantitative mass spectrometry, we observed elevated expression of enzymes in the soleus of NPRL2 mKO involved in anaplerotic reactions of the mitochondrial TCA cycle. This was the most striking signature we observed in terms of changes in tissue protein abundance ([Figure 4](#F4){ref-type="fig"}). Their function is to replenish TCA intermediates through the catabolism of amino acids and fatty acids. These data suggest increased catabolism of amino acids and are supported by our observation that urea excretion in the NPRL2 mKO is increased; they also suggest lower abundance of amino acids in the muscle tissue. Collectively, these observations suggest that chronic activation of mTORC1 results in a metabolic compensation toward these anaplerotic reactions, consistent with the idea that proliferating cells require a high anaplerotic flux ([@R11]). We also noted lower levels of branched amino acids in plasma of NPRL2 mKO animals, pointing to a special role for branched-chain amino acid degradation in the context of reduced glucose oxidation. For the TCA cycle to support growth, there must be a source of both anaplerosis and acetyl-coenzyme A (CoA). Leucine degradation could provide a source of acetyl-CoA to offset reduced PDH activity, while degradation of isoleucine and valine provides an anaplerotic flux. Therefore, increased branched-chain amino acid catabolism may be a compensatory consequence of mTORC1 activation due to the anaplerotic potential of these amino acids.

Furthermore, we previously showed that NPRL2 KO mouse embryonic fibroblasts (MEFs) exhibit a defect in the processing of vitamin B12 (cobalamin) in response to starvation ([@R14]), which results in a defect in methionine homeostasis. Besides methionine synthase, vitamin B12 is required for the complete catabolism of the branched amino acids isoleucine and valine for them to serve as productive anaplerotic substrates ([Figure 4](#F4){ref-type="fig"}). Vitamin B12 is a required cofactor for methylmalonyl-CoA mutase in the conversion to propionyl-CoA to succinyl-CoA, which can then feed into the TCA cycle. This and our previous study together show how a core metabolic function of the GATOR1 complex in response to starvation is to promote anaplerotic reactions that replenish TCA cycle intermediates. Vitamin B12 uptake and processing are key components of this program, allowing particular amino acids and fatty acids to participate in anaplerosis. In times of nutritional stress, the TCA cycle intermediates must be conserved so that they can be used for ATP synthesis.

In summary, we have shown that NPRL2 and the GATOR1 complex regulate the composition of glycolytic and oxidative muscle fibers *in vivo*. These results show how this amino acid-sensing pathway influences the utilization of various nutrient fuels by the TCA cycle. We conclude that the GATOR1 complex coordinates anabolic and catabolic pathways to regulate carbohydrate utilization and mitochondrial homeostasis in tune with the amino acid status of cells.

EXPERIMENTAL PROCEDURES {#S8}
=======================

Animal Experiments {#S9}
------------------

Mice were maintained in a 12/12 hr light/dark cycle at a temperature of 22°C and fed standard chow (Harlan, No. 2016) *ad libitum*. NPRL2 mKO mice were generated using the *Nprl2^loxp/+^* mice described previously ([@R14]). *Nprl2^loxp/+^* mice were crossed with *Myod^icre/WT^* ([@R8]) to generate muscle-specific heterozygous animals. Heterozygous KO animals were backcrossed to C57BL/6 mice for at least three generations, with subsequent crosses with *Nprl2^loxp/+^* and *Nprl2^loxp/loxp^* animals, resulting in the control mice (*Nprl2^loxp/loxp^* and *Nprl2^loxp/+^*), NPRL2 mHET mice (*Nprl2^loxp/+^*: *Myod^icre/WT^*), and NPRL2 mKO mice (*Nprl2^loxp/loxp^*: *Myod^icre/WT^*) that were used for these studies. Genotypes of animals were determined by PCR, with primers listed in [Table S1](#SD1){ref-type="supplementary-material"}. All animal experiments were approved by the Institutional Animal Research Advisory Committee of the University of Texas Southwestern Medical Center at Dallas. Male mice were used in all experiments.

Statistical Analysis {#S10}
--------------------

Statistical analysis was performed by two-tailed Student's t test using Microsoft Excel 2010. A p value of \< 0.05 was considered significant. [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"} contains additional experimental procedures.

Supplementary Material {#SM}
======================

[SUPPLEMENTAL INFORMATION](#SD1){ref-type="supplementary-material"}

[Supplemental information](#SD1){ref-type="supplementary-material"} includes [Supplemental Experimental Procedures](#SD1){ref-type="supplementary-material"}, four figures, and three tables and can be found with this article online at <https://doi.org/10.1016/j.celrep.2018.04.058>.
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![Loss of NPRL2 Alters Muscle Fiber Composition and mTORC1 Activity\
(A) qRT-PCR analysis of *Nprl2* mRNA in liver, epididymal white adipose tissue (eWAT), quadricep femoris (quad), gastrocnemius (gastro), and soleus of 2-month-old WT and NPRL2 mHET and NPRL2 mKO male mice. Expression of U36B4 mRNA was used as an internal control. Error bars represent the mean ± SEM (n = 10/3/5 per genotype). Cycle threshold (Ct) values are indicated for comparative expression across tissues.\
(B) Western blot analysis of NPRL2, NPRL3, and DEPDC5 in WT, NPRL2 mHET, and NPRL2 mKO in the soleus of 2-month-old male mice. GAPDH was used as loading control (n = 3 mice per genotype). RD, relative density of target protein to GAPDH density; ND, not detected.\
(C) Representative H&E, metachromatic dye-ATPase, and slow muscle myosin (MHC class I) immunohistochemistry of WT and NPRL2 mKO soleus tissue sections. Scale bar, 50 µm.\
(D) Western blot analysis of pS6K1 (T389), S6K1, pAKT (S473), AKT, LC3-I/LC3-II, and GAPDH from control and NPRL2 mKO mice harvested in the fed and fasted states (24-hr food restriction; n = 3 per group).](nihms970662f1){#F1}

![Altered Running Behavior and Carbohydrate Metabolism in NPRL2 mKO\
(A) Body mass of 2-month-old WT and NPRL2 mKO males (n = 10/5 mice per genotype, respectively).\
(B) Average wheel-running activity over a 2-week period of 2- to 3-month-old male WT and NPRL2 mKO mice taken 2 hr before and after switching from light to dark. Activity counts were taken at 6-min intervals. Error bars represent the mean ± SEM. WT versus NPRL2 mKO (n = 7/4 mice per genotype).\
(C) Average daily wheel-running activity measured over 2 weeks during the 12 hr light-to-dark cycle. Error bars represent the mean ± SEM (n = 7/4 mice per genotype).\
(D) Metabolic cage analysis of respiratory exchange ratio (RER) of 3-month-old male mice averaged over a 2-day period. Note increased carbohydrate utilization in the dark phase in NPRL2 mKO mice (n = 4 mice per genotype).\
(E) Plasma glucose concentration for glucose tolerance test in mice fasted for 4 hr (n = 5 mice per genotype).\
(F) Plasma insulin concentrations during the glucose tolerance test.\
(G) Plasma lactate levels during the glucose tolerance test.\
*a*, p \< 0.05; *b*, p \< 0.01.](nihms970662f2){#F2}

![NPRL2 mKO Mice Show Hallmarks of Aerobic Glycolysis\
(A) Protein expression heatmap and fold change from mass spectrometry analysis of WT and NPRL2 mKO soleus muscle. p \< 0.05 (n = 3 mice per genotype per experimental set).\
(B) qRT-PCR analysis of PPAR gamma coactivator 1 (*Pgc1*a), glucose transporter 1 (*Glut1*), hexokinase 2 (*Hk2*), aldolase A (*AldoA*), pyruvate kinase M2 (*Pkm2*), lactate dehydrogenase B (*LdhB*), pyruvate dehydrogenase component E1A1 (*Pdhe1a1*), and citrate synthase (*Cs*) in soleus of 2-month-old WT and NPRL2 mKO mice (n = 10/5, respectively).\
(C) Glycogen content in 3-month-old WT and NPRL2 mKO soleus (n = 4 mice per genotype).\
(D) Western blot analysis of phosphorylated (S293) and total pyruvate dehydrogenase complex E1A and of GAPDH in the soleus (n = 3 mice per genotype; RD, relative density of P-PDHE1A to PDHE1A).\
(E) qRT-PCR analysis of pyruvate dehydrogenase kinase isoforms 1--4 (*Pdk1*--*Pdk4*) in the soleus (n = 10/5 mice per genotype).\
(F and G) Quantification of ^13^C-glucose conversion into TCA intermediates (F) citrate and (G) fumarate in the soleus muscle, 1 hr after 2 mg/kg intraperitoneal (i.p.) injection. Measurements of citrate and fumarate were made using GC-MS (n = 4 mice per genotype).\
(H) Fractional ^13^C enrichments of glycolytic metabolites are normalized to enrichment of glucose in the soleus tissue. Enrichment of glycolytic metabolites relative to citrate m+2 and enrichments in liver and serum are shown in [Figures S3E--S3G](#SD1){ref-type="supplementary-material"}. Average values and SEM are displayed (n = 4 mice per genotype).\
*a*, p \< 0.05; *b*, p \< 0.01; *c*, p \< 0.001.](nihms970662f3){#F3}

![Loss of NPRL2 Alters Amino Acid Metabolism\
(A) Relative amino acid abundance in WT and NPRL2 mKO soleus determined by mass spectrometry (n = 4 mice per genotype).\
(B) Relative amino acid abundance in WT and NPRL2 mKO plasma determined by mass spectrometry (n = 9/6 mice per genotype, respectively).\
(C) Relative TCA cycle intermediate abundance in WT and NPRL2 mKO mice (n = 4 mice per genotype).\
(D) Urea content measured in urinary excretion from WT and NPRL2 mKO animals (n = 7/8 per genotype, respectively).\
(E) TMT-based quantitation of proteins in soleus in NPRL2 mKO versus WT. Metabolic enzymes that were significantly increased in abundance are shown (blue, cataplerotic reactions; red, anaplerotic reactions). Chronic activation of mTORC1 due to loss of NPRL2 results in a compensatory increase in the indicated amino acid and fatty acid catabolic pathways, many of which feed carbons into the TCA cycle. These findings suggest that NPRL2 and GATOR1 normally function to limit utilization of the mitochondria for biosynthesis and instead promote anaplerotic reactions that restore TCA cycle intermediates for purposes of ATP synthesis.\
*a*, p \< 0.05; *b*, p \< 0.01; *c*, p \< 0.001.](nihms970662f4){#F4}

###### Highlights

-   Deletion of NPRL2 results in increased type II fiber composition in soleus muscle

-   NPRL2 is necessary to repress mTORC1 in soleus muscle during fasting

-   Loss of NPRL2 increases pyruvate conversion to lactate and reduces pyruvate entry into TCA cycle

-   NPRL2 coordinates glucose and amino acid metabolism
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